Abstract-Superconducting devices have emerged in many applications during the last few decades. They offer many advantages, including high efficiency, compact size, and superior performance. However, the main drawback of these devices is the high cost. An option to reduce the high cost and improve the cost-benefit ratio is to integrate two functions into one device. This paper presents the superconducting fault current limiting transformer (SFCLT) as a superior alternative to normal power transformers. The transformer has superconducting windings and also provides fault current limiting capability to reduce high fault currents. The SFCLT is tested in two power system models: a 7 bus wind farm-based model simulated in PSCAD and on the 80 bus simplified Australian power system model simulated in real-time digital simulator. Various conditions were studied to investigate the effectiveness of the fault current limiting transformer.
I. INTRODUCTION
T RANSFORMERS have evolved considerably in the last few decades, reaching efficiencies of up to 99%. Yet, for high power ratings, conventional power transformers are still very bulky, costly, and sensitive to fault currents. With the everincreasing power demands and the lack of sufficient space to install additional substations or upscale existing ones in densely populated areas, the power densities must be increased.
In addition, short circuit current levels continue to rise due to increased network power capacity. This problem has a significant effect, especially in networks containing wind power generation. In the past, the major concern was related to the wind turbines itself. During grid disturbances, the wind turbines are generally tripped to avoid damaging them. However, with the increase in wind turbine generation, loss of generation from these units following a network disturbance has an adverse impact on network stability. As such, keeping wind turbines connected to the grid while protecting the generators from high fault currents is an important issue. The fault current level may be decreased by the high impedance of the conventional power transformers during normal operation. However, this can cause increasing the impedance of a transformer to reach 20% [1] , which decreases the transmission efficiency during normal operation.
Inserting superconducting fault current limiters (SFCL) next to the conventional transformer could be a nice solution, which helps in achieving fault tolerant performance and reduced losses in steady-state conditions [2] , [3] . However, this solution requires additional devices, which incurs additional cost and space and, therefore, not alleviating the constraints imposed by the conventional bulky transformers. High temperature superconducting (HTS) transformers have been proposed to deal with high power densities by lowering the losses in the transmission system and with a more compact design than normal power transformers with similar rating [4] , [5] . On the other hand, HTS transformers offer reduced impedance than conventional transformers, but having the advantage of a much smaller footprint and fault current limiting function, i.e., SFCLT's [6] , [7] .
Installing SFCLT's can achieve low impedance during steadystate operation in addition to suppressing fault currents to lower levels, protecting the system and achieving more stable operation during and after faults. SFCLTs are much similar to normal transformers in construction but do have superconducting windings in place of copper windings. During fault conditions, the superconducting windings quench and the resulting high resistance path helps in reducing the fault current magnitude.
In this paper, two power system models and several fault scenarios are presented to demonstrate that adding SFCLT at strategic locations in a power system improves stability. A 100 MVA SFCLT is used in the first power system example to connect combined diesel and wind generation to the grid as shown in Fig. 1 . In the second example, two 370 MVA SFCLTs are replacing conventional transformers in a simplified Australian power system model.
Firstly, the 100 MVA SFCLT transformer design is introduced based on an existing 100 MVA normal transformer [8] . Then, the application system examples are used within the electromagnetic transient-type software to study the effectiveness of the SFCLT in reducing fault currents in different scenarios, protecting the system elements and aiding in system stability.
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II. TRANSFORMER DESIGN
In light of the typical requirement for transformers at the transmission level, a 100 MVA class transformer design study was conducted. Table I provides the design target and general parameters of the HTS transformer proposed. The design of the 370 MVA SFCLT presented for case studies in the Australian power system model follows the design guidelines provided for the 100 MVA design.
For the design of the HTS transformer, the critical current of the second generation coated conductor is about 300 A/ cm at 77 K [9] . The perpendicular component of the magnetic field at the coil ends is estimated to be 0.18 T, which could reduce the critical current of the second generation (2G) HTS tapes to 200 A/ cm. In order to take the large operating current, several 2G HTS tapes must be connected in parallel. The minimum tape length is determined by the maximum endurable quenching voltage of 2G HTS. Assuming the transformer must withstand 200 msec. of fault duration and a peak voltage per unit length of 0.595 V/ cm [10] , the minimum lengths of the primary and secondary windings are 2.6 km and 385 m, respectively. For the primary winding current of 370 A, 8 tapes are connected in parallel based on the assumption that the maximum magnetic field to be reached is 1 T and the critical current of a single tape under 1 T is about 50 A. The same principle applies to the secondary winding, which requires 50 tapes in parallel. For the primary, each winding element has the 8 tapes connected in parallel with 215 turns in the axial direction and 15 turns in radial direction. In total, there are 3255 turns for the primary For the secondary winding, there are 240 turns in the axis direction and 2 turns in the radial direction for a total of 480 turns. The winding height is about 1.212 m, considering 1 mm gap between each element. The winding thickness is 0.025 m, considering 0.25 mm thickness for each tape with insulation. The winding parameters are summarized in Table II .
The cost of the HTS windings is calculated based on 30 $/m. Comparing this cost to normal power transformer cost indicates that these transformers will not add a big difference in total costs. Normal transformers in the range 75-500 MVA cost about from $2 to $7.5 million in the United States [19] . This cost without transportation, taxes and other variable costs.
III. MODELLING SFCLT'S
A standard transformer model is used with series connected impedances representing the primary and secondary windings. Both sides are assumed to be superconducting windings. Copper is used as a stabilizer and tapes are connected in parallel according to the critical current of the superconducting material.
The winding series impedances consist of resistance (Rp and Rs) and leakage reactance (Xp and Xs). Whereas the resistance depends on the type of material used, the reactance depends on the design of the transformer. In the case of superconducting transformers under normal operating conditions, winding resistance values will be negligible.
For superconducting transformers using HTS tapes with a stabilizing layer, under fault conditions, the resistance of the windings will be defined by the resistance offered by the stabilizing layer as the superconducting layer gets quenched. Hence the impedance value will increase significantly, which in turn will decrease the amplitude of the fault current.
The main parameters that define the modes of operation of the SFCLT are the critical current density (J c ) and critical temperature (T c ). According to these values, the mode of operation of the superconducting element is determined. So, firstly, the critical current and the winding temperature must be calculated.
The windings temperature mainly depends on the cooling system parameters and efficiency to reduce the power dissipated in the HTS windings.
The power dissipated in the superconducting material (P diss ) can be calculated by
With R S C is the total resistance of the superconducting windings, i(t) is the current in the windings. The cooling power and energy absorbed by the cooler-which reduce the temperature rise during and after a fault-are calculated by
Where h is heat transfer coefficient, which depends on the temperature rise, A is the surface area covered by the liquid nitrogen, and T (t) is the winding temperature. The heat transfer coefficient (h) changes with the increase in the windings temperature. It represents the key factor in the recovery period which means returning to superconducting state after the quench. To consider the impact of the recovery period, the heat coefficient equations were taken from [11] as a function of the temperature rise. The assumption here is that the whole HTS windings are fully covered by liquid nitrogen during the quench process. The corresponding net power in the windings (P S C ) is the difference between the dissipated and cooling power. Then, the temperature of the windings can be calculated through
Where T o be the initial temperature of the material, which is taken as 77 K and C p (J/K) is the heat capacity of the material which represents the number of joules generated per each Kelvin degree. This amount depends on the specific heat capacity and the mass of the material. As the volume and specific heat capacity of each material in the tape are different, the heat capacity of each material is calculated individually by multiplying its specific heat value by the volume and the density of the material [12] .
The heat capacity variation of the YBCO with temperature is approximated by the linear equation (4) for simplification.
Where T is the temperature, d is the density of the material, and V is the volume. The copper heat capacity variation with the temperature is small so, it is neglected here while the substrate heat capacity can be calculated similarly to the YBCO material from (4). After this step, the total heat capacity is calculated by adding the three values of the three materials together.
The critical current density at which quenching occurs is calculated according to the following relation [13] :
Where J c0 is the critical current density at the initial temperature T 0 , α is the density exponent and equal to 1.5, and T C is the critical temperature; (5) is valid for T < T C . As J C (T )is less than the critical value specified for the material, the windings represent zero resistance and, therefore, the winding resistance will be neglected during normal operation. When the current passing through the transformer windings exceeds the critical current, the winding resistivity starts to increase according to the following equation:
When the temperature reaches its critical value, it will be in the normal resistive mode. During normal mode, the value of the resistance is only determined by the value of the stabilizer resistance because the superconducting material resistance becomes very high compared to the stabilizer resistance. The resistivity of the copper stabilizer is changed with the temperature according to this equation [14] :
Finally, from (6), (7) and the current i(t) passing through it, the total resistance of the HTS winding R sc is calculated. 
IV. SMALL SCALE SYSTEM SIMULATION USING PSCAD
The first studied system (also referred to herein as TS1) consists of a combined diesel and wind farm generation unit of 50MW connected to the transmission system via the SFCLT as shown in Fig. 1 . All the components are modelled using PSCAD software [15] .
The SFCLT is integrated with the grid to protect it from high fault currents and support system stability. Different fault types and locations are investigated to determine SFCLT and system behaviour. The results focus on the current limitation on both the primary and secondary sides of the transformer. Also, the temperature of both sides is studied, as it is an important parameter in designing the SFCLT and the cryogenic system.
To clarify the effectiveness of the SFCL on the current limitation, the circuit breakers are set to trip after 200 ms. This time is chosen to allow the study of the SFCLT operation and the effect The simulation conditions have been tested for three scenarios; (a) single line to ground(S-L-G) fault at point A, (b) three-phase to ground (3-ph-G) fault at point A, and (c) single line to ground fault at point B. In all cases, the fault starts at second 5 and lasts for 100 msec. The simulation results of these conditions are discussed in the following.
A. TS1-Case 1: S-L-G Fault at Location A
Figs. 2 and 3 show currents at the primary and secondary winding of the SFCLT, respectively, when a single line-toground fault is applied at point A in Fig. 1. From Fig.2 , note that using SFCLT limits current at the first peak to about 12.7 kA from a prospective current of about 15.1 kA, 85% of the prospective value. Moreover, after the first peak, the percentage limitation increases and the current reaches 54% of the prospective values during the remaining fault period. The secondary side current is also reduced significantly, reaching about 1 kA during the fault period compared with 2 kA prospective value as shown in Fig. 3 , while the SFCLT limits the first peak to 86% from the prospective value. The temperature rise on both pri- Fig. 4 . The maximum temperature during the fault on the primary side is 420 K while that on the secondary side is 350 K. The temperature rise value may be changed with different cooling methods. The windings take about 3.5 seconds to recover from the temperature rise and return to superconducting state. This recovery period has a minor effect on the transformer currents as shown in Figs. 2  and 3 .
B. TS1-Case2: 3-PH-G Fault at Location A
The second case tests a three phase to ground fault also at point A. The primary side currents without and with using the current limiting transformer are shown in Fig. 5 . The limitation of the three phase currents during the fault period was about 46% with a noticeable enhancement on the current transient period just after the fault clearance with using the SFCLT.
C. TS1-Case 3: S-L-G Fault at Location B
To further test the ability of the SFCLT to limit fault currents even if the fault location is far from the transformer location, a fault was applied at the grid terminals as shown in Fig. 1 . As the fault is more remote from the transformer location, the short circuit current value decreased slightly in this case. Fig. 6 shows the current and temperature rise in the primary windings and the limitation in the first peak is less than 1 kA as the fault current is not very high in this case. However, the limitation increases during the fault to yield approximately 70% from the prospective current value. Also, the temperature on the primary side is less than 300 K.
V. LARGE SCALE SYSTEM MODELLING USING RTDS

A. Simplified Australian Power System Model
The SFCLT model built in PSCAD was ported to the real time digital simulator RTDS TM [16] to allow study effects within a second but larger, multi-area power system (also referred to herein as TS2). The simplified Australian Power System model available in [17] , [18] was modelled in electromagnetic transient type (EMTP) simulator, RTDS TM over 5 racks running in realtime at a 50 μs time step. The simplified Australian power system is a 29 GW, 50 Hz system with transmission voltage from 220-500 kV. Fourteen aggregated generation plants are modelled in five areas consisting of hydro, steam and gas turbine based prime movers. The power flow transfer occurs from south to north (area 5 to area 2) as provided in Table III. Area frequency control and inter-area power flow control is implemented in the system to maintain the desired inter-area power flow through area control error (ACE). Table IV provides data used for ACE control parameters.
B. Application of SFCLT to Support Increased Power Transfers
In the second system application, two transformers each rated 370 MVA between bus 315 (275 kV) and 308 (500 kV) were replaced by SFCLT. The base system can be seen in Fig.7 , which only shows one of the transformers at this location. The SFCLT was designed and rated to handle appropriate voltage and current levels. See Fig.7 for the corresponding location of the replaced transformers. A three phase fault was applied at bus 315 with respect to phase A at 90 degree on the voltage waveform with a small impedance (0.01Ω) for 200 msec. Although faults in systems could be cleared in times as little as 50 msec, a duration of 200 msec was tested here to observe the system response in a limiting worst case scenario including the possibility of failing primary protection. Fig. 8 shows currents through one SFCLT between bus 315 and 308 and is compared with prospective fault currents in the case of a conventional transformer. It can be observed that the SFCLT limits the prospective fault current significantly. Though results of all areas and buses were examined, Bus 203 frequency excursions are shown in Fig. 9 to demonstrate that a remote fault in Area 3 still causes a significant response from generators in Area 2. It can be observed that with the current limiting function provided by SFCLT, frequency excursions without SFCLT can reach around 380 mHz while with the SFCLT it is limited to ∼110 mHz. The frequency as shown here is measured through a 3-phase phase locked loop, synchronous reference frame approach. Care has to be taken when drawing conclusions from frequency measurements as initial transients occur for typically half a fundamental cycle for symmetric faults and possibly up to the full fault duration in cases of asymmetric faults [20] . In addition, overshoot and oscillations in the estimated frequency will occur for some time after disturbance and fault events. For the automatic generation control, these transient conditions pose no issue. The test cases aimed at observing the system response and recovery for the same fault scenario while increasing interarea power transfers from Area 5 to Area 3. The conclusion of a large set of the fault studies performed-while incrementally increasing power transfer from the1 initial 500 MVA-was that the fault limiting capability allows power transfers along the associated transmission lines of up to 650 MVA before a dynamic stability limit was reached. Fig. 10 shows rms-current trace examples as measured through transformer primary (Bus 315) for the three-phase fault with various inter-area exchange values. The current settles and the system recovers until the inter-area flow is at 720 MW, with 
VI. CONCLUSION
The design and modelling presented herein allow to study in detail the current limiting behaviour of large superconducting fault current limiting transformers. Such SFCLTs may support, for example, interconnecting newly installed generation and increased power transfers with existing systems without the need to upgrade other infrastructure elements. In addition to the electrical behaviour, the studies presented herein consider the temperature rise of the superconducting winding during the quench, which is considered important with respect to the effectiveness of such high rating transformers.
The results obtained using the developed models prove that SFCLTs are able to provide significant benefits as compared with normal transformers. In the studies, fault currents could effectively and consistently be limited to lower values. Coordination with normal protection devices is possible. Frequency excursions observed in the system could also be reduced using the fault current limiting transformers, thereby helping improve stability characteristics. The fault currents are limited within the first cycle and continue to be held much lower values in subsequent fault periods.
